Introduction
The ts1 mutant of Moloney murine leukemia virus (MoMuLV) induces progressive neurodegenerative disease in susceptible strains of mice, when infected shortly after birth (Stoica et al., 1992; Wong, 1990; Wong et al., 1991) . The characteristic features of the ts1-induced neurodegeneration (ND) include spongiform encephalopathy, gliosis and neuronal loss leading to hind limb paralysis (Stoica et al., 2000) . Misfolding of the ts1 precursor envelope protein gPr80 env , as a result of a mutation in the ts1 env gene, reduces the efficiency of its transport from the endoplasmic reticulum (ER) to the plasma membrane (Szurek et al., 1990a,b) , resulting in its accumulation in the endoplasmic reticulum, or ER Szurek et al., 1990b) . Although ts1 can infect various cell types, gPr80 env accumulates only in astrocytes in the central nervous system (CNS) and in infected T cells in the immune system (Gonzalez-Scarano et al., 1995; Liu et al., 2006; Shikova et al., 1993) . The specific killing of these target cells is associated with the neurodegeneration and immunosuppression caused in mice infected with ts1 (Gonzalez-Scarano et al., 1995; Wong et al., 1989) . In ts1-infected astrocytes, accumulation of the gPr80 env in the ER initiates the unfolded protein response (UPR), which in turn results in oxidative stress and mitochondria-mediated cell death Liu et al., 2004) . Neurons are not directly affected by ts1, but they die alongside infected astrocytes, most likely because the thiol redox support normally supplied to neurons by astrocytes has been compromised. In infected astrocytes, this occurs as a result of increased levels of reactive oxygen species (ROS), and depletion of glutathione (GSH) as well as cysteine (Kuang et al., 2009; Lynn and Wong, 1995; Qiang et al., 2006; Stoica et al., 1992 Stoica et al., , 1993 . Since similar events occur in the CNS cells of HAD patients, neurodegeneration caused by the ts1 virus resembles HAD in its mechanisms (Clark et al., 2001; GonzalezScarano et al., 1995; Mollace et al., 2001; Ronaldson and Bendayan, 2008; Sacktor et al., 2004; Steiner et al., 2006) . Oxidative stress is a condition that occurs when there is an imbalance between increased ROS levels and cellular antioxidant defenses (Betteridge, 2000; Reddy et al., 2004) . When ROS levels Oxidative stress is implicated in various kinds of neurological disorders, including human immunodeficiency virus (HIV) associated dementia (HAD). Our laboratory has been studying the murine retrovirus ts1, a pathogenic mutant of the Moloney murine leukemia virus (MoMuLV), as a model for HAD. Like HIV in humans, ts1 induces oxidative stress and progressive neurodegeneration in mice. We have shown previously that an antioxidant and anti-inflammatory drug GVT or MSL (monosodium luminol) suppresses ts1-induced oxidative stress, attenuates the development of spongiform encephalopathy, and delays hind limb paralysis in infected mice. It is known that upregulation of the nuclear transcription factor NF-E2-related factor 2 (Nrf2) is involved in upregulating cellular antioxidant defenses. Since Nrf2 is associated with elevation of antioxidant defenses in general, and since GVT suppresses ts1-induced neurodegeneration, our aim in this study was to determine whether GVT neuroprotection is linked to Nrf2 upregulation in the brain. We report here that GVT upregulates the levels of Nrf2, both in primary astrocyte cultures and in brainstem of ts1-infected mice. Significant upregulation of Nrf2 expression by GVT occurs in both the cytosolic and nuclear fractions of cultured astrocytes and brainstem cells. Notably, although GVT treatment increases Nrf2 protein levels in cultured astrocytes and brainstem tissues, Nrf2 mRNA levels are not altered. This suggests that the neuroprotective effects of GVT may be mediated by the stabilization of the Nrf2 protein, allowing continuous upregulation of Nrf2 levels in the astrocytes.
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are increased in cells, and if their levels are not controlled, they can damage protein, RNA, and DNA. Healthy cells respond quickly to increased ROS by a controlled sequence of responses. ROS elevation is first countered by the upregulation of the antioxidant enzymes such as superoxide dismutase and catalase, which inactivate singlet oxygen, or superoxide (O 2 À ) and hydrogen peroxide (H 2 O 2 ). If the ROS load continues to increase, then a second line of defense is activated by the nuclear transcription factor Nrf2 Kim et al., 2009; Reddy et al., 2009a,b; Shih et al., 2003; Vargas and Johnson, 2009 ). Nrf2 is a transcription factor that binds to the antioxidant responsive element (ARE) promoter sequences, leading to coordinated upregulation of ARE-driven detoxification and antioxidant gene expression Lee et al., 2005; Moi et al., 1994; Vargas and Johnson, 2009 ). Nrf2 has been reported to be activated in CNS cells in Parkinson's disease (PD), Alzheimer's disease (AD), Huntington's disease (HD), and amyotrophic lateral sclerosis (ALS) Clements et al., 2006; Vargas and Johnson, 2009) .
Previous studies from our laboratory have shown that ts1 infection of cultured astrocytes causes oxidative stress in the cells, and that Nrf2 and its downstream target genes are activated in response to infection and cell survival . Further, ts1-induced damage to the CNS and thymus of infected mice is suppressed to some extent by the treatment with antioxidant N-acetylcysteine (NAC) (Lynn and Wong, 1998) . Antioxidant NAC treatment effectively inhibits ts1-associated thymic atrophy, it has relatively limited effects against ts1-induced neurodegeneration (Lynn and Wong, 1998) . This could be due to its limited ability to cross the blood brain barrier (BBB) (Grinberg et al., 2005; Offen et al., 2004) . In addition, the antioxidant and anti-inflammatory drug minocycline protects ts1-infected mice against CNS oxidative stress and paralysis, although, as with NAC, the protection is not complete (Kuang et al., 2009 ).
We have also tested a novel antioxidant and anti-inflammatory drug, called GVT, for its ability to slow or prevent ND in ts1-infected mice (Jiang et al., 2006 ) GVT appears to be more effective than NAC and minocycline in slowing ts1-mediated neurodegeneration (Table 1 ). In addition, we find that GVT reduces ROS levels and tissue damage in the lymphoid tissues (thymus and intestine) of ts1-infected mice (Scofield et al., 2009a,b) . GVT is relatively nontoxic, well-absorbed and rapidly excreted upon systemic administration (Gross et al., 2009; Sanders et al., 2000) . GVT can also be administered orally (Table 1 ). In the CNS, GVT easily enters cells and passes the BBB, and decreases ROS levels in infected primary astrocyte cultures (Jiang et al., 2006) , where it reacts with free radicals such as ONOO À , and prevents protein nitration and oxidation in cells (unpublished data). In infected mice treated with GVT, CNS markers of lipid peroxidation are reduced in the CNS and thymus, compared with those for tissues of infected, untreated mice. Finally, GVT reverses signs of oxidative damage, without significant reduction of viral titer, in the CNS and thymus of ts1-infected mice. This suggests that GVT protects against ts1-induced ND by way of antioxidant effects, rather than by acting as a direct antiviral drug (Jiang et al., 2006) .
We hypothesize that GVT, in addition to acting as an ROS scavenger like NAC or minocycline, also upregulates and maintains Nrf2 levels in ts1-infected astrocytes. In this study, we therefore asked whether the Nrf2 protein is upregulated and stabilized in ts1-infected cultured astrocytes, or in CNS tissues of infected mice that are treated with GVT.
Materials and methods

Virus
ts1, a spontaneous temperature-sensitive mutant of MoMuLV, was propagated in a thymus-bone marrow (TB) cell line. Virus titers were determined using a modified direct focus assay in the 15F cell line, a murine sarcoma-positive, leukemia-negative cell line, as described previously (Wong et al., 1985) .
Cell culture
Immortalized murine C1 astrocytes were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and antibiotics (100 units/ml penicillin and 100 mg/ml streptomycin) (Lin et al., 1997) . The cells were passaged biweekly and used for experiments while in the exponential growth phase. Primary astrocytes were isolated from 1-to 2-day-old newborn mouse pups by a method described previously (Lee et al., 2001; Liu et al., 2005) . Briefly, whole brains of newborn mice were removed and minced into ice-cold Dulbecco's modified Eagle's medium/F-12 medium. Single-cell suspensions were obtained by passing the minced tissue through a nylon mesh cell strainer. The cells were plated onto poly-L-lysine-coated flasks and grown in Dulbecco's modified Eagle's medium/ F-12 medium, supplemented with 10% fetal bovine serum, 5 units/ml penicillin, 5 mg/ml streptomycin, and 2.5 g/ml fungizone. The cultures were incubated for 4 days in a 5% CO 2 atmosphere at 37 8C, until reaching confluence. They were then passaged by trypsinization. Cells from passages 4 or 5 were used for all experiments. At the fourth or fifth passage, the cultures typically were >99% glial fibrillary acidic protein (GFAP)-positive (Shikova et al., 1993) .
Protein estimation
Primary astrocytes ((1-5) Â 10 6 ) were seeded into 10-cm dishes and grown to 70% confluence prior to treatments. Treated and control untreated cultures were then washed twice with ice-cold PBS and scraped directly into lysis buffer containing 150 mm NaCl, 0.5% (w/v) SDS, 0.5% (v/v) Nonidet P-40, 0.5% (w/v) sodium deoxycholate, 1 mm EGTA, and a mixture of protease inhibitors (Complete Mini tablets; Roche Applied Science). Protein concentrations were determined using a Bradford reagent (Bio-Rad).
Western blotting
For Western blots, astrocyte cultures were solubilized in lysis buffer containing 150 mm NaCl, 0.5% (w/v) SDS, 0.5% (v/v) Nonidet P-40, 0.5% (w/v) sodium deoxycholate, 1 mm EGTA, and a mixture of protease inhibitors (Complete Mini tablets; Roche Applied Science). Tissue lysates from brainstems were prepared by homogenization of frozen tissues in the same lysis buffer. Nuclear and cytoplasmic extracts were prepared as described previously described (Kim et al., 2001 ). The lysates were centrifuged at 12,000 Â g for 12 min, prior to measurements of protein levels in the supernatants. Equal amounts of protein (30 mg of total protein per lane) were then subjected to SDS-PAGE, and electrophoretically transferred to polyvinylidene difluoride membranes at 100 V for 1 h. The membranes were blocked with 5% nonfat milk in 3% Tris-buffered saline containing 0.1% Tween-20 for 40 min at room temperature. The membranes were then incubated with antiNrf2 antibody (1:1000) or anti-b-actin antibody (1:3000) at 4 8C overnight, Table 1 A summary of survival results for various agents used for the treatment of ts1-induced neurodegeneration in the murine retrovirus ts1 model. This table provides information on the modes of administration, doses of the drug, the times during which a particular drug was administered, and routes of administration, either by intraperitoneal (i.p.) injection or orally in drinking water. Unpublished data a Median dpi delay relative to median for untreated mice.
followed by washing and a second incubation in HRP-conjugated secondary antibodies (1:3000; 1 h at RT). Antibody binding to bands on the membranes was visualized using chemiluminescence, and the optical densities of individual bands were quantitated using the Chemi-Imager digital imaging system (Alpha Innotech, San Leandro, CA, USA).
RNA extraction and real-time PCR
Total cellular RNA was extracted by using the RNeasy kit, with optional DNaseI treatment (Qiagen, Valencia, CA, cat. no. 74104). Extracted RNA was analyzed for integrity using the Agilent 2100 Bioanalyzer (Agilent Technologies, Inc. Santa Clara, CA). Total RNA (1 mg) was then used as template to synthesize cDNA with the High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA), and qPCR was subsequently performed on the ABI 7900HT Fast Real-Time PCR System (ABI) with assays on demand (AOD) specific to Nrf2. RNA levels were normalized to the endogenous control gene GAPDH by using the ABI Rodent Control Reagent kit (ABI, cat. no. 4352339E). Data analysis was performed using Sequence Detection System software from ABI, version 2.2.2. The experimental Ct (cycle thresh hold) was calibrated against a GAPDH control. All amplifications were performed in triplicate. The DDCt method was used to determine the amount of product relative to that expressed by (calibrator sample)-derived RNA.
Animals, virus inoculation and GVT treatment
FVB/N mice were obtained from Taconic Farms (Germantown, NY). The mice were divided into four groups: control, GVT-treated, ts1-infected, and GVT-treatedts1-infected. The control group received 0.9% normal saline. Mice for the ts1-infected group were inoculated intraperitoneally with 0.1 ml of ts1 viral suspension containing 10 6 to 10 7 infection units/ml, as previously described (Kim et al., 2002) at 2 dpn (days postnatal). GVT and GVT-treated-ts1-infected groups received freshly prepared GVT by intraperitoneal injection (200 mg/kg of body weight/day; kindly provided by Bach Pharma, Inc., North Andover, MA), beginning at 3 dpi (days post-infection), for 5 consecutive days followed by 2 days of rest. This treatment protocol was continued until 30 dpi. Mice from all groups were checked daily for clinical signs of disease, and all animals were sacrificed at 30 dpi. All animal procedures were performed according to the protocol approved by the University of Texas, M. D. Anderson Cancer Center Institutional Animal Care and Use Committee.
Immunohistochemistry
For immunohistochemistry, control (n = 4), ts1-infected (n = 4) and GVT-treatedts1-infected (n = 4) mice were anesthetized using an intraperitoneal injection of pentobarbital (150 mg/kg), and perfused with 10% buffered formalin, using a peristaltic pump. After a 12 h fixation in 10% buffered formalin, the brainstems were removed and embedded in paraffin. Paraffin sections (5 mm) were first deparaffinized and were subjected to an antigen retrieval protocol, in which sections were heated in 10 mM citrate buffer (pH 6.0) for 10 min, blocked with 5% normal serum in Tris-buffered saline (TBS, 100 mM Tris, 150 mM NaCl, pH 7.4), and then incubated overnight at 4 8C with anti-Nrf2 antibody dilution of 1:50. After washing, the sections were then incubated with biotin-conjugated secondary IgGs and treated with reagents from a Vecta-Elite streptavidin-peroxidase kit, with a benzidine substrate for color development. The sections were counterstained with diluted hematoxylin. Sections without primary antibodies acted as controls for nonspecific binding by the secondary antibodies. In the control sections, no specific immunoreactivity was detected (data not shown).
Statistical analysis
All experiments were conducted in triplicate or duplicate wells in the samples derived from three separate and independent experiments. The data were subjected to analysis of variance followed by Tukey's test for comparison. Data were represented as mean AE SEM. p < 0.05 was considered significant.
Results
GVT treatment induces accumulation of Nrf2 in cultured primary astrocytes
Our earlier studies with cultured astrocytes, have shown that ts1 infection increases ROS levels and activates Nrf2 and its targeted genes . Oxidative stress causes about half of these ts1-infected cells to die. The cells that survive the cytopathic effects, they show continuous upregulation of Nrf2 and its target gene products, e.g. xCT antiporter which is downstream of Nrf2 and protects from oxidative stress by increasing cystine import . We have also reported in ts1-infected primary astrocyte cultures, the intracellular levels of ROS are downregulated by GVT treatment. More importantly, GVT prevents ND in the infected mice (Jiang et al., 2006) . As noted above, of the several agents that we have tested in mice for protection against ts1-induced ND, GVT is the best (Table 1) . We hypothesize that GVT, in addition to acting as a ROS scavenger, also upregulates and maintains high, stable Nrf2 levels in ts1-infected astrocytes. As a proof-of-concept test of the hypothesis that GVT alone upregulates Nrf2, we asked here whether GVT increases Nrf2 levels in a dose-dependent manner in cultured astrocytes. We treated cultured C1 astrocytes with GVT or tert-butyl hydroquinone (tBHQ), a known Nrf2 activator, at different concentrations and at different doses. The Western blots in Fig. 1 show that treatment of C1 cells with GVT significantly enhanced the levels of Nrf2 in these cells, in a GVT dose-dependent manner. In addition, Fig. 1 shows that treatment of the cells with tBHQ also caused Nrf2 upregulation. In primary astrocytes, as in C1 cells. GVT treatment resulted in elevated Nrf2 levels, which occurred as early as 2 h post-treatment, and this increase was maintained for up to 16 h (Fig. 2) .
GVT treatment causes Nrf2 accumulation in both the cytosol and the nuclei of cultured astrocytes
As noted above, oxidatively stressed cells activate their Nrf2 and translocate it into the nucleus, resulting in increased transcription of its target genes. We had reported previously that Nrf2 protects cultured cells from the adverse effects caused by ts1 infection , and we had also shown that GVT prevents ts1-induced oxidative stress in the CNS, thymus, and intestine of ts1-infected mice (Jiang et al., 2006; Scofield et al., 2009a,b) . To find out whether GVT protection of infected cells involves Nrf2 activation, we used Western blotting analysis to follow levels of Nrf2 after infection of primary astrocytes. Fig. 3 shows that treatment of primary cultured astrocytes with GVT increased the levels of Nrf2, not only in the cytosol (Fig. 3A) , but also in the nuclear fractions (Fig. 3B) , over a period of 4 h.
GVT treatment does not alter mRNA levels of Nrf2 in uninfected or infected primary cultured astrocytes
In normal cells, the Nrf2 protein has a short half-life, since it is degraded in cytoplasmic proteasomes $8 h after its synthesis. To determine how Nrf2 levels are increased in GVT-treated cultured astrocytes, we first asked whether GVT treatment of cultured astrocytes prevents the scheduled degradation of Nrf2 that is characteristic of normal cells, and whether this stabilization of Nrf2 levels is correlated with its protection of ts1-infected cells from oxidative stress. To do this, we first followed the effect of GVT treatment on Nrf2 mRNA levels, using real-time PCR. Our results show that treatment of uninfected cultured primary astrocytes with GVT for 2, 4 and 8 h did not cause significant changes in Nrf2 mRNA levels (Fig. 4) . These results suggest GVT-induced upregulation of Nrf2 protein levels is not due to increased protein synthesis.
GVT stabilizes the Nrf2 protein in primary astrocyte cultures
To confirm that GVT treatment does not elevate Nrf2 by elevating its transcription in treated cells, we followed Nrf2 levels over time in cultures of primary astrocytes that were treated with the protein synthesis inhibitor cycloheximide (CHX), either alone or after pretreatment of the cells with GVT. The immunoblots in Fig. 5A show that degradation or reduction of the already existing Nrf2 protein, in cultures treated with CHX to prevent de novo protein synthesis, starts as early as 2 h after treatment. However, when the astrocytes were pretreated with GVT prior to the exposure to the CHX, degradation of Nrf2 protein was significantly reduced, even though new protein synthesis has been prevented ( Fig. 5B and C) . From these findings we conclude that GVT upregulates and stabilizes levels of Nrf2 in astrocytes.
MG132, a proteasomal inhibitor, further enhances levels of Nrf2
To determine whether GVT treatment inhibits scheduled proteasomal degradation of Nrf2, we asked whether treatment of primary cultured astrocytes with MG132, a known inhibitor of proteasomal activity, causes Nrf2 protein stabilization in the cells. Fig. 6 shows that Nrf2 elevation in GVT-treated cells is amplified by MG132, suggesting that GVT may delay the degradation of Nrf2 by directly inhibiting proteasomal activity, by inhibiting the ubiquitination steps required for targeting of Nrf2 to the proteasomes, or by other mechanisms that stabilize Nrf2 in the cells.
GVT upregulates Nrf2 levels in the cytoplasm and nuclei of CNS neurons and glial cells
To determine whether Nrf2 levels in CNS cells are affected in ts1-infected mice, and to find out whether GVT treatment modifies these effects, we used Western blot analysis to determine levels of Nrf2 in CNS tissues of untreated ts1-infected mice vs. GVT-treated ts1-infected mice. We also asked whether GVT treatment affects relative levels of Nrf2 in the cytoplasmic vs. nuclear fractions of CNS cells for both groups of animals. Fig. 7 shows that cytoplasmic Nrf2 protein levels are slightly decreased in the brainstems of both ts1-infected untreated and ts1-infected GVT-treated mice, compared with the brainstem tissues from uninfected control animals. In addition, the data also show is increased amounts of Nrf2 protein in the nuclear fractions of brainstem cells from ts1-infected and ts1-infected-GVT-treated mice compared with control (Fig. 7) . The ratio of Nrf2 in nuclear/ Nrf2 in cytoplasm is increased 2-fold in ts1-infected GVT-treated brainstems when compared with controls.
To visualize these effects of GVT in the tissues, we performed immunohistochemistry (IHC) to localize Nrf2 protein in the cells of control, ts1-infected and GVT-treated-ts1-infected brainstems. The photomicrographs in Fig. 8 show intense anti-Nrf2 labeling of cells that morphologically resemble neurons and glial cells in the brainstems of ts1-infected, and of GVT-treated-ts1-infected mice, compared with brainstem tissues from uninfected control mice (Fig. 8) . In both neurons and glial cells of ts1-infected and GVTtreated-ts1-infected mouse brainstems, high levels of Nrf2 are Primary cultures of astrocytes from mouse pups were exposed to GVT for 2-16 h and then immunoblotted to compare their Nrf2 content. GVT treatment resulted in increased expression of Nrf2 as early as 2 h and this increase in Nrf2 levels was maintained up to 16 h of post-treatment (A). Nrf2 bands were quantified and normalized against actin (B). Data were obtained from three independent experiments and analysis of variance was done by employing Tukey test. *p < 0.05 vs. control was considered statistically significant. Error bars represent mean AE SEM. evident in the strong immunoreactivity for Nrf2 in both cytoplasm and nuclei of the cells, compared with brainstems from control uninfected mice, whose anti-Nrf2 immunoreactivity was weaker, and detected only in the cytoplasm.
Discussion
Earlier studies from this laboratory have shown that while administration of the antioxidant NAC to ts1-infected mice has a potent protective effect in the thymus, this treatment is only marginally effective in the CNS (Lynn and Wong, 1998) . Studies by others have also shown that NAC has a restricted ability to cross the blood brain barrier (Grinberg et al., 2005) . In addition, NAC must be administered at higher doses for therapeutic effects, and these doses can be toxic. As noted above, we have also shown that the minocycline delays ts1-mediated neurodegeneration (Kuang et al., 2009 ). However, neuroprotection by minocycline is only slightly better than that resulting from NAC treatment (Table 1) . Of the different agents we have tested for neuroprotection in the ts1-infected mice, the therapeutic effect of GVT greatly surpasses protection by either NAC or minocycline (Table 1) . The results reported here show that GVT acts as an Nrf2 stabilizing agent. Although we have not tested NAC for its effect on Nrf2 levels in cultured astrocytes or CNS cells, it seems likely NAC acts primarily as a radical scavengers and as thiol-replenishing agents, while GVT acts both as a radical-scavenging chemical and as a potent activator of sustained thiol antioxidant protection, via Nrf2 stabilization.
Together with other data from our laboratory, this study shows that GVT restores redox equilibrium in ts1-infected cells. The stabilization of Nrf2 by GVT is on par with its activation by tBHQ, which is a known positive regulator of Nrf2 . Upregulation of Nrf2 by tBHQ has been shown to reduce the toxic effects of the amyloid protein in Alzheimer's disease (Kanninen et al., 2008) . Activation and stabilization of Nrf2 has previously been shown to be a protective mechanism adapted by the endothelial cells against ROS/RNS induced by sheer stress (Warabi et al., 2007) as well as in cadmium-induced oxidative stress (He et al., 2008) . We have shown recently that GVT prevents ts1-induced damage in T cells in the thymus, and in intestinal T cells, by upregulating and stabilizing Nrf2 levels in these cells (Scofield et al., 2009a,b) . In infected T cells, GVT-induced restoration of redox equilibrium prevents gPr80 env accumulation, which we know to be the primary trigger for ts1-induced cytopathology and cell death in astrocytes (Scofield et al., 2009a,b) . In healthy cells, Nrf2 resides in the cytoplasm as part of a complex with the redox-sensitive protein Keap-1. After a short period, this Nrf2 is ubiquitinated and released from Keap-1 for proteasomal degradation (Itoh et al., 1999; Lee et al., 2003) . If ROS levels are elevated in the cell, Keap-1 releases Nrf2, allowing it to Fig. 3 . GVT increases Nrf2 levels in the cytosolic and nuclear fractions of cultured astrocytes. Primary astrocytes were treated with GVT for 0, 2 and 4 h. Following treatment, the cells were harvested and lysates of cytosolic and nuclear fractions were isolated. Immunoblots run against anti-Nrf2 showed a significant upregulation in the Nrf2 protein levels both in cytosol (A) as well as in nucleus (B). Quantification of the band intensities of Nrf2 normalized against actin and lamin in cytosol (lower panel of A) and nuclear fractions (lower panel of B) Data were obtained from three independent experiments and analysis of variance was done by employing Tukey test. *p < 0.05 vs. control was considered statistically significant. Error bars represent mean AE SEM. Fig. 4 . Primary cultured astrocytes were treated with GVT for 2, 4 and 8 h, after which time their mRNA was isolated and the levels of Nrf2 mRNA quantitated by RT-PCR. There was no significant alteration in average ct values, indicative of levels of Nrf2-specific mRNAs, after GVT treatment. Three independent experiments and analysis of variance was done by employing Tukey test. *p < 0.05 vs. control was considered statistically significant. Error bars represent mean AE SEM.
translocate to the nucleus. In the nucleus, Nrf2 binds to AREcontaining promoter regions of genes associated with GSH synthesis, including NADPH quinone oxidoreductase, glutamate cysteine ligase, glutathione peroxidase, thioredoxin, thioredoxin reductase, and xCT antiporter, which protects the cells from oxidative stress by increasing cystine import into the cell. These enzymes and molecules act together to reduce the ROS load and to restore and maintain redox balance (Moi et al., 1994; Qiang et al., 2004 Qiang et al., , 2006 Rushmore and Kong, 2002; Rushmore and Pickett, 1990) .
Work by other laboratories, using various drugs and treatments, has shown that drug-induced upregulation of Nrf2 can occur either by prevention of its proteasomal degradation, or by upregulation of the de novo synthesis of Nrf2, through transcriptional activation. Ceftriaxone is one example of whose neuroprotective effect is mediated by the transcriptional activation of Nrf2 (Lewerenz et al., 2009) . Our results from the present study show that GVT does not increase Nrf2 levels by elevated transcription of Nrf2; instead, Nrf2 elevation mediated by GVT treatment is due to its stabilization of Nrf2. The proteasomal inhibitor MG132 amplifies this effect in GVT-treated astrocytes. However, studies from other laboratories have demonstrated that Nrf2 stabilization, during oxidative stress, may occur by mechanisms that allow its release from Keap-1 in a nonubiquitinated state, thereby preventing its targeting to proteasomes. In this metastable state, Nrf2 can be maintained in the cytoplasm, ready for rapid phosphorylation and recruitment to Fig. 5 . GVT treatment stabilizes existing Nrf2 protein, but does not increase de novo production of Nrf2. Primary cultured astrocytes were either left untreated or pretreated with GVT, followed by CHX (10 mg/ml). In cells treated with CHX alone, loss of Nrf2 protein, presumably by proteasomal degradation in the absence of new protein synthesis, occurred within 2 h (A). However, in cells pretreated with GVT, Nrf2 was levels remained elevated (B). The relative intensities of the Nrf2 protein bands were compared using densitometry followed by normalization of the band values (C). Data from (C) were obtained from three independent experiments (n = 3). *p < 0.05 vs. control was considered statistically significant. Error bars represent mean AE SEM. Fig. 6 . Primary cultured astrocytes were pretreated with GVT followed by treatment with a proteasomal inhibitor MG-132. Treatment with GVT alone increased the Nrf2 protein to certain extent. However the MG132 treated cells expressed increased levels of Nrf2 protein (A). Quantification of the band intensities of Nrf2 normalized against actin (B). Data were obtained from three independent experiments and analysis of variance was done by employing Tukey test. *p < 0.05 vs. control was considered statistically significant. Error bars represent mean AE SEM. Fig. 7 . In lysates of brain tissue from ts1-infected untreated and ts1-infected-GVTtreated mice, Western blots show a slight decrease in levels of cytoplasmic Nrf2 protein, compared to brainstem lysates from uninfected control mice. While increased levels of Nrf2 protein were present in the nuclear fractions isolated from the GVT-treated uninfected, ts1-infected, and ts1-infected-GVT-treated mice, nuclear localization of Nrf2 was most evident in the ts1-infected, GVT-treated brainstem lysates. For these tissues, the ratio of Nrf2 in nuclear/Nrf2 in cytosol is increased by 2-fold in ts1-infected GVT-treated brainstems, relative to levels for control uninfected mouse tissues. the nucleus for its transcriptional activation activities. One candidate mediator of this effect is the DJ-1 protein, which binds to free Nrf2 released by Keap-1 during oxidative stress, and which maintains high cytoplasmic levels of Nrf2 without proteasomal inhibition (Clements et al., 2006) .
Oxidative stress has been implicated in the pathogenesis of a variety of neurological disorders, such as ataxia talengiectasia or A-T (Chen et al., 2003; Kim and Wong, 2009a,b; Liu et al., 2005) , AD (Smith et al., 1991 (Smith et al., , 1996 , HD (Maksimovic et al., 2001; Polidori et al., 1999) , ALS (Ghadge et al., 1997) and PD (Spina and Cohen, 1989) . In addition to retroviruses, Epstein-Barr virus, Hepatitis B virus, Hepatitis C virus, respiratory syncytial virus, Japanese encephalitis virus, cytomegalovirus, and the herpes simplex virus have all been shown to induce oxidative stress in their infected cells as a result of elevated ROS generation (Cerimele et al., 2005; Cho et al., 2009; Kumar et al., 2009a,b; Mishra et al., 2009; ValyiNagy and Dermody, 2005) .
Studies by others have demonstrated that activation of the Nrf2 pathway in the brain plays a vital role in the neuroprotection mediated by astrocytes Shih et al., 2003) . Nrf2-mediated gene products that regulate the activity of GSH synthesizing enzymes are largely located in astrocytes (Johnson et al., 2002; Kraft et al., 2004; Lee et al., 2003; Qiang et al., 2004) . Interestingly, a recent report demonstrates that overexpression of Nrf2 in astrocytes and neurons improves spatial learning in a mouse model of AD (Kanninen et al., 2009 ).
In conclusion, our results show that GVT is a powerful neuroprotective drug due to its ability to scavenge ROS, and due to its ability to cause Nrf2 stabilization and accumulation in treated cells. Current treatments of diseases often focus on striving to eliminate the inciting agent or the clinical symptoms. These, however, could result in injuring healthy tissue in the process. Treatment with GVT in our animal model of retrovirusmediated neurological disease presented here focuses instead on GVT's effect in supporting the oxidatively stressed cells in controlling or stabilizing the cellular defense by acting as an ROS scavenger as well as by stabilizing Nrf2 levels. As mentioned above, Nrf2 upregulation has been shown to be an important protective mechanism against oxidative stress induced neurological disorders in a number of studies by others Clements et al., 2006; Johnson et al., 2008; Li et al., 2007; Vargas and Johnson, 2009) . Consistent with these results, our earlier work has shown that GVT attenuates hindlimb paralysis, wasting and also inhibit free radical generation in the CNS. In this study we demonstrate that GVT, in vivo as well as in vitro, upregulates Nrf2 levels. Thus, the effects of GVT on Nrf2 may be useful and further manipulated to develop effective and safe therapeutic agents not only against oxidative stress mediated neurological diseases but also for treatment of oxidative stress in other disease conditions. Fig. 8 . Increased levels of Nrf2 in the brainstem of ts1-infected vs. GVT-treatedts1-infected mice. The photomicrographs show Nrf2 immunoreactivity (brown) in the cytoplasm and nucleus of neurons and glial cells in sectioned brainstem tissues from control (A), ts1-infected untreated (B) and GVT-treated-ts1-infected mice (C). Note the intense cytoplasmic and nuclear Nrf2 immunoreactivity in the neurons (blue arrows) and glial cells (green arrows) in the ts1-infected and GVTtreated-ts1-infected mice brainstems, compared with the same cells in sectioned uninfected mouse brainstem tissue. The black arrowhead is pointing at a blood vessel.
